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INTRODUCTION 

Mutations  in  the  breast  and  ovarian  cancer  susceptibility  gene 
BRCAl  are  observed  in  approximately  45%  of  families  with  a  high 
incidence  of  breast  cancer  and  75%  of  families  with  multiple 
cases  of  breast  and  ovarian  cancer.  Current  evidence  indicates 
that  BRCAl  is  involved  in  several  cellular  processes  including 
transcription  activation,  cell  cycle  regulation,  DNA-damage 
repair  and  maintenance  of  genomic  stability (Monteiro, 2000 ; 
Venkitaraman,  2  002)  .  Alterations  in  BRCAl  may  result  in 
disruption  of  any  or  all  of  these  processes  and  lead  to  cancer. 

The  C-terminus  of  the  BRCAl  protein  contains  two  BRCT  domains 
in  tandem  referred  to  as  the  BRCT-N  and  BRCT-C .  Interestingly, 
BRCT  domains  are  globular  structures  that  have  been  observed  in 
other  unrelated  proteins  important  in  DNA-damage  repair  and  cell 
cycle  control  (Koonin  et  al . ,  1996;  Bork  et  al . ,  1997  Callebaut 
and  Mornon,  1997).  The  C-terminal  region  of  BRCAl,  when  fused  to 
a  GAL4  DNA-binding  domain  (GAL4-DBD) ,  has  been  shown  to  activate 
expression  of  a  luciferase  reporter  gene  driven  by  a  GAL 4 
promoter  element  and,  interestingly,  cancer-predisposing 
mutations  within  the  BRCT  domains  abolish  this  activity 
(Monteiro,  1996;  Monteiro,  1997;  Vallon-Christersson  et  al., 

2°01) . 

As  described  in  our  original  proposal,  we  have  identified  a 
cancer-predisposing  temperature-sensitive  mutation  in  the  C- 
terminal  region  of  BRCAl.  This  mutation,  R1699W,  is  a  single 
amino  acid  substitution  from  arginine  to  tryptophan  and  is  found 
within  a  stretch  of  nine  amino  acids  that  are  100%  conserved 
across  species.  We  have  observed  that  in  both  yeast  and  293T 
human  embryonic  kidney  cells,  this  mutant  can  activate 
transcription  of  the  reporter  to  levels  observed  for  wild-type 
at  the  permissive  temperature  (3  0°C)  .  At  37°C,  the 
transcriptional  activation  of  this  mutant  is  much  impaired 
relative  to  wild- type  activity.  From  these  data  we  proposed 
that  this  conditional  mutation  could  be  used  as  a  tool  to  more 
clearly  understand  the  biochemical  mechanism(s)  underlying  BRCAl 
activity. 

BODY 

During  the  past  year  we  focused  on  two  of  the  three  specific 
aims  described  in  our  proposal  and  in  the  work  statement: 

Task  1.  Confirm  that  the  full-length  cDNA  encoding  the 
R1699W  mutation  is  temperature-sensitive  for 
physiologically  relevant  transcription  activity  in  HCC1937 
cells  (months  0-2). 
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•  Develop  mammalian  expression  constructs  containing 
tagged,  full-length  wild- type  and  mutant  BRCAl  cDNA.  The 
selected  mutants  are  R1699W,  R1699Q,  M1775R  and  Y1853X. 

•  Transiently  transfect  the  expression  constructs  and 
measure  transcription  activity  at  permissive  and  non- 
permissive  temperatures  from  the  mdm2promoter-lucif erase 
reporter  construct. 

Task  2.  Establish  and  characterize  stable  cell  lines  (in 

HCC1937  cells)  esepressing  the  BRCAl  constructs  created  in 

Task  1  (months  2-26) . 

•  Count  the  number  of  cells  in  growing  cultures  for  each 
cell  line  at  permissive  and  non-permissive  temperatures 
to  obtain  growth  curves . 

•  Perform  western  blots  of  lysates  harvested  above  to 
assess  protein  expression  levels. 

•  Perform  immunohistochemistry  on  cultured  cells  to 
determine  the  intracellular  localization  of  BRCAl 
proteins . 

KEY  RESEARCH  ACCOMPLISHMENTS 

Progress  on  goals  defined  in  Task  1. 

A  BRCAl  wild- type  full-length  construct  (aa.  1-1863)  was 
kindly  provided  by  Ralph  Scully  (Harvard  Medical  School) .  In 
this  construct,  BRCAl  is  contained  in  the  pCDNA3  mammalian 
expression  vector  which  has  an  N- terminal  HA  tag  downstream  of  a 
CMV  promoter  and  the  P-globin  intron.  C- terminal  fragments  of 
BRCAl  containing  either  R1699W,  R1699Q,  M1775R,  or  Y1853X 
mutations  were  amplified  by  PCR  using  primers  containing 
terminal  Xba  I  restriction  sites.  To  prevent  methylation  of  the 
full-length  wild- type  BRCAl  Xba  I  restriction  site,  located  in 
the  C-terminus  of  the  protein,  this  construct  was  transformed 
into  and  isolated  from  Dam'  bacteria.  Mutant  BRCAl  full-length 
constructs  were  then  created  by  subcloning  the  C-terminal 
fragments  in  frame  to  the  C-terminal  region  of  wild-type  BRCAl 
excised  by  Xba  I  digest.  Using  this  approach,  full-length 
constructs  (aa.  1-1863)  of  mutant  BRCAl  R1699W,  R1699Q,  M1775R 
and  Y1853X  were  obtained  and  confirmed  by  sequence  analysis. 

These  constructs  were  then  used  to  measure  transcription 
activation  at  permissive  (30°C)  and  non-permissive  temperatures 
(37°C)  from  the  mdm2  promoter-lucif erase  reporter  construct. 
Other  temperatures  inbetween  the  nonpermissive  and  permissive 
temperatures  were  not  examined  in  these  assays,  as  we  had 
previously  found  that  transcription  activation  of  the  luciferase 
reporter  gene  by  the  C-terminus  BRCAl  R1699W  mutation  fused  to 
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the  GAL4-DBD  occurred  maximally  at  30°C,  with  a  continous 
decrease  in  activity  as  the  temperature  was  increased (data  not 
shown) . 

Initial  studies  using  transient  transfection  assays  examined 
transcriptional  activation  in  the  full-length  context  using 
human  293T  (BRCAl -proficient)  or  HCC1937  (BRCAl-def icient )  cells 
co-transfected  with  wild-type  or  mutant  full-length  BRCAl  and 
the  mdm2-luc if erase  reporter.  Analysis  of  these  data  revealed 
no  significant  increase  above  baseline  among  the  different 
constructs  in  transcriptional  activation  of  the  reporter  at  all 
times  and  temperatures  tested  after  transfection  up  to  and 
including  36  hours.  We  found  that  extended  exposure  to  30°C  (> 
30  hr)  was  not  well-tolerated  by  the  cells.  It  is  possible  that 
incubation  times  longer  than  36  hours  are  necessary  to  observe 
effects  on  transcriptional  activation  and  that  the  lack  of 
differences  may  be  the  result  of  slight  toxicity  to  the  cells  at 
the  permissive  temperature. 

It  has  been  well-documented  that  wild- type  BRCAl  can 
potentiate  the  activation  of  p53-dependent  and  interferon  y- 
dependent  gene  transcription  (Zhang  et  al.,  1998;  Ouchi  et  al . , 
2000) .  Furthermore,  activation  of  the  mdm2-luc if erase  reporter 
by  wild-type  full-length  BRCAl  and  p53  has  been  previously 
described  (Ouchi  et  al . ,  1998).  Thus,  the  lack  of  differences 
in  transcription  activation  among  the  wild-type  and  mutant 
constructs  of  BRCAl  which  we  observed  in  the  present  study  may 
suggest  that  previous  reports  rely  on  overexpression  of  the 
BRCAl  protein  and  expression  of  our  full-length  constructs  is 
too  low  to  observe  effects  on  transcriptional  activity.  This 
may  be  why  we  do  not  observe  enhanced  transcriptional  activation 
of  the  mdm2-lucif erase  by  even  the  wild-type  relative  to  empty 
vector  alone.  Earlier  studies  in  our  laboratory  have 
demonstrated  that  expression  of  a  full-length  fusion  construct 
of  wild- type  BRCAl :GAL4-DBD  in  human  cells  is  significantly 
lower  than  expression  of  the  wild-type  C- terminus : GAL4-DBD 
(unpublished  observations) .  Western  blot  analysis  of  wild- type 
and  full-length  constructs  in  293T  and  HCC1937  cells  will  soon 
be  performed  to  examine  the  relative  expression  levels  of  these 
constructs . 

To  summarize/  we  have  completed  all  of  the  components  of 
Task  1.  Nevertheless,  we  are  performing  some  additional 
experiments  to  address  the  possibilities  that  were  raised 
after  the  completion  of  the  proposed  experiments. 

Progress  on  goals  defined  in  Task  2. 

Several  stable  clonal  cell  lines  obtained  from  HCC1937  cells 
transfected  with  full  length  constructs  of  R1699W  and  selected 
with  G418  have  been  established.  We  screened  over  twenty 
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different  clones  in  this  manner  and  from  these  we  obtained  five 
clonal  cell  lines  that  express  the  mutated  R1699W  BRCA1  protein, 
as  determined  by  western  blotting  (Table  1) .  Figure  1  is  a 
representative  western  blot  depicting  expression  of  the  R1699W 
protein  in  cell  lines  RW10.8M  and  RW10.8N.  Hela  nuclear 
extracts  was  used  as  a  positive  control  for  antibody  binding. 

In  western  blot  analysis  we  utilzed  a  mouse  monoclonal  antibody 
against  the  N- terminal  of  human  BRCAl  (Ab-1,  Oncogene  Research 
Products,  Cambridge,  MA) .  The  R1699W  mutation  does  not  affect 
binding  of  the  primary  antibody  and  can  be  used  to  detect 
expression  of  the  mutated  protein.  We  also  generated  a  cell 
line  of  pooled  clones  designated  as  HCC/RW10 . 8 (pooled)  which 
also  was  found  to  express  the  mutated  protein.  It  was  noted 
that  in  at  least  two  of  these  cell  lines,  RW10.8H  and 
RW10 . 8 (pooled) ,  expression  of  the  mutated  BRCAl  was  present  only 
during  log-phase  growth  and  not  when  the  cells  had  reached 
confluency.  Although  we  did  observe  expression  of  R1699W  BRCAl 
in  lysates  from  log-growth  phase  and  confluent  10. 8M  and  10. 8N 
cells,  expression  was  found  to  be  higher  during  log-growth  (data 
not  shown) .  These  observations  are  in  accord  with  a  previous 
study  which  demonstrated  that  expression  of  BRCAl  is  cell-cycle 
dependent  (Jin  et  al . ,  1997),  and  suggest  that  there  may  be 
post-translational  mechanisms  which  regulate  the  expression  of 
BRCAl . 

In  order  to  obtain  a  cell  line  that  could  better  tolerate 
prolonged  exposure  to  30°C,  several  stable  clonal  cell  lines 
obtained  from  L56BR  cells,  a  recently-characterized  BRCAl - 
deficient  cell  line  (Hegardt  et  al . ,  2002),  transfected  with 
full  length  constructs  of  R1699W  and  selected  with  G418  have 
been  established.  We  screened  15  different  clones  in  this 
manner  and  obtained  one  clonal  cell  line  that  expressed  the 
mutated  R1699W  protein  (Table  1) .  We  also  co-transfected  mouse 
fibroblasts  deficient  in  both  p21  and  Brcal  (a  gift  from  T. 
Ludwig,  Columbia  University)  with  full-length  constructs  of 
R1699W  and  a  puromycin  resistance  gene,  selected  with  puromycin 
and  obtained  18  clonal  cells  lines  which  were  pooled  and  found 
to  stably- express  the  mutated  protein  (Table  1) .  As  with  the 
HCC1937  cells,  these  cells  also  demonstrated  diminished  growth 
after  extended  time  periods  at  30°C  (>  30  hr,  not  shown) .  Based 
on  these  observations  we  hypothesize  that  expression  of  the 
R1699W  mutation  at  the  permissive  temperature  may  result  in 
slowed  growth  compared  to  the  parental  BRCA1- deficient  cells  and 
are  currently  exploring  this  possibility. 
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Table  1:  Cell 

lines 

that  stably- 

-express 

R1699W  BRCAl. 

CLONE 

Cell 

Type 

LOG  GROWTH 

CONFLUENT 

HCC/RW10.8B 

Human 

Breast 

+ 

ND 

HCC/RW10 . 8 J 

Human 

Breast 

+ 

ND 

HCC/RW10.8H 

Human 

Breast 

+ 

- 

HCC/RW10.8M 

Human 

Breast 

+ 

+ 

HCC/RW10.8N 

Human 

Breast 

+ 

+ 

HCC/RW10 . 8 (pooled) 

Human 

Breast 

+ 

- 

L56BR/RWjan4.E 

Human 

Breast 

+ 

+ 

MouseFibro /pooled 

Mouse 

Fibroblast 

+ 

ND 

"+"  indicates  R1699W  BRCA1  expression  was  detectable  by  western 
blotting.  indicates  that  expression  of  this  protein  was  not 

observed.  "ND"  indicates  that  western  blot  analysis  was  not  done. 


Preliminary  observations  indicate  that  the  cells  which 
stably  express  the  full-length  R1699W  mutation  grow  at  similar 
rates  as  the  parental  HCC1937  cells  at  37  C.  At  30  C,  both 
parental  and  stably- expressing  cells  grow  significantly  more 
slowly  than  at  37  C  and  both  cell  types  appear  to  be 
dramatically  affected  by  extended  growth  at  30  C. 
Immunohistochemical  analysis  for  R1699W  BRCAl  in  HCC1937 
transiently-transfected  cells  at  both  permissive  and 
nonpermissive  temperatures  revealed  that  the  protein  is 
localized  in  a  manner  similar  to  wild-type  and  is  predominately 
found  in  the  nucleus  (data  not  shown) .  This  indicates  that  germ¬ 
line  cancer-associated  mutation  of  the  R1699  residue  does  not 
affect  cellular  distribution  of  BRCAl  and  suggests  that  the 
cancer-predisposing  property  of  this  mutation  is  not  related  to 
its  cellular  distribution. 

Figure  1 :  Expression  of  R1699W  BRCAl  in  stable  cell 

lines . 


Hela  10.8M  10.8N 

R1699W  BRCAl 

'  ■  ,1,.  % 

Cell  lysates  were  prepared  from  log-phase  cultures  of  RW10.8M  and 
10. 8N  and  examined  by  western  blotting.  Nuclear  extract  obtained 
from  Hela  cells  was  used  as  a  positive  control  for  BRCAl  antibody 
binding . 

At  present,  the  other  proposed  stable  cell  lines  of  HCC1937 
expressing  full-length  wild  type  BRCAl  and  mutant  M1775R  and 
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Y1853X  are  being  generated.  Once  all  these  cells  are  generated, 
western  blotting  will  be  performed  to  analyze  relative 
expression  of  the  wild-type  and  mutant  full-length  BRCAl 
proteins.  Immunohistochemistry  experiments  to  assess  cellular 
localization  of  these  proteins  will  then  be  conducted. 

To  summarize,  we  have  completed  the  components  of  Task  2 
for  the  first  year  as  outlined  in  the  original  proposal.  The 
remaining  experiments  in  this  task  are  on  schedule  to  be 
completed  according  to  the  outline  proposed  in  the  original 
grant  application. 

ADDITIONAL  ACHIEVEMENTS 

Based  on  our  observation  of  a  temperature-sensitive  mutation 
in  the  C-terminus  of  BRCAl,  we  established  a  mutagenesis  screen 
to  identify  more  mutations  of  this  region  which  could  also 
activate  transcription  in  a  temperature- sensitive  manner.  We 
have  idenified  several  mutations  of  this  region  which  activate 
transcription  of  a  reporter  gene  in  yeast  in  a  temperature- 
dependent  fashion.  One  mutation  in  particular,  H1686Q,  was  able 
to  activate  transcription  of  a  reporter  gene  in  both  yeast  and 
human  embryonic  kidney  cells  only  at  the  permissive  temperature 
(30°C)  .  As  with  the  R1699W,  we  postulate  that  the  H1686Q 
mutation  may  act  as  a  tool  to  dissect  the  biochemical  role  of 
BRCAl.  Of  particular  interest  is  that  unlike  the  C-terminal 
R1699W  mutant,  which  exhibits  some  residual  transcription 
activity  at  the  nonpermissive  temperature,  the  C-terminal  H1686Q 
mutation  displays  no  detectable  activity  at  the  nonpermissive 
temperature.  A  manuscript  further  characterizing  the  H1686Q 
mutation (Cancer  Biology  and  Therapy,  in  press)  is  attached  in 
the  appendix.  Based  on  our  observations  concerning  the  H1686Q 
mutant,  we  plan  to  clone  the  full  length  mutation  and  perform 
similar  experiments  as  those  outlined  for  the  R1699W. 

REPORTABLE  OUTCOMES 

Full-length  constructs  of  mutant  BRCAl  R1699W,  M1775R  or 
Y1853X  have  been  developed.  Constructs  are  HA- tagged  and 
contained  within  the  pCDNA3  mammalian  expression  vector. 

❖  We  have  established  several  cell  lines  of  human  HCC1937 
which  stably-express  mutated  full-length  BRCAl  R1699W.  We 
have  also  generated  cell  lines  of  human  L56BR  and  mouse 
fibroblasts  which  express  this  mutant  protein. 

❖  Article  entitled  "Mutations  in  the  BRCT  Domain  Confer 
Temperature  Sensitivity  to  BRCAl  in  Transcription 
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Activation."  Cancer  Biology  and  Therapy,  in  press.  (DoD 
support  is  acknowledged;  copy  attached  as  an  appendix) . 

SUMMARY  OF  TASKS 

Task  1.  Confirm  that  the  full-length  cDNA  encoding  the 
R1699W  mutation  is  temperature-sensitive  for 
physiologically  relevant  transcription  activity  in  HCC1937 
cells  (months  0-2). 

We  have  completed  all  of  the  components  of  Task  1. 

Nevertheless ,  we  are  performing  some  additional 
experiments  to  address  the  possibilities  that  were 
raised  after  the  completion  of  the  proposed 
experimen ts . 


Task  2.  Establish  and  characterize  stable  cell  lines  (in 
HCC1937  cells)  expressing  the  BRCA1  constructs  created  in 
Task  1  (months  2-26) . 

We  have  completed  the  components  of  Task  2  for  the 
first  year  as  outlined  in  the  original  proposal.  The 

remaining  experiments  in  this  task  are  on  schedule  to 
be  completed  according  to  the  outline  proposed  in  the 
original  grant  application. 

CONCLUSIONS 

In  the  first  year  of  our  project,  we  were  able  to  generate 
full-length  constructs  of  a  temperature-sensitive  mutant  and 
several  other  mutants  of  BRCAl .  We  have  begun  to  use  these 
constructs  to  study  the  transcriptional  activating  properties 
of  this  gene  product  in  the  full-length  context.  We  are 
currently  on  schedule  to  complete  all  proposed  studies  as  was 
originally  outlined. 
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Mutations  in  the  BRCT  Domain  Confer  Temperature  Sensitivity  to  BRCA1  in 

Transcription  Activation 

Cancer  Biology  and  Therapy 
ABSTRACT 

BRCA1  is  a  tumor  suppressor  gene  and  germ  line  mutations  account  for  the 
majority  of  familial  cases  of  breast  and  ovarian  cancer.  There  is  mounting  evidence 
that  BRCA1  functions  in  DNA  repair  and  transcriptional  regulation.  A  major 
hurdle  to  dissect  the  role  of  BRCA1  is  the  lack  of  molecular  reagents  to  carry  out 
biochemical  and  genetic  experiments.  Therefore,  we  used  random  mutagenesis  of 
the  C-terminus  of  BRCA1  (aa  1560-1863)  to  generate  temperature-sensitive  (TS) 
mutants  in  transcription  activation.  We  obtained  11  TS  mutants  in  transcription 
that  localized  primarily  to  the  hydrophobic  core  of  the  BRCT-N  domain  of  BRCA1. 
One  of  the  mutants,  H1686Q,  also  displayed  temperature-dependent  transcription 
activation  in  human  cells.  These  conditional  mutants  represent  valuable  tools  to 
assess  the  role  of  BRCA1  in  transcription  activation. 

Key  words:  BRCA1,  yeast,  mammalian  two-hybrid  system,  transcription,  temperature- 
sensitive  mutants,  CtIP,  BRCT  domain. 
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INTRODUCTION 

Germ-line  mutations  in  BRCA1  confer  high  risk  for  breast  and  ovarian  cancer. 

The  molecular  function  of  BRCA1  is  not  yet  known  but  there  is  increasing  evidence  that 

it  is  involved  in  DNA  damage  repair  and  gene  transcription.3,4  Several  lines  of  evidence 

support  a  direct  role  for  BRCA1  in  transcription.  When  fused  to  a  heterologous  DNA 

binding  domain  (DBD)  the  C-terminus  of  BRCA1  activates  transcription  from  a  reporter 

gene  and  the  introduction  of  cancer-associated  mutations,  but  not  benign  polymorphisms, 

abolish  activation.5'7  In  addition,  BRCA1  interacts  with  the  RNA  polymerase  II  and  with 

several  complexes  involved  in  chromatin  remodeling.8'11  Ectopic  expression  of  BRCA1 

results  in  the  transcription  of  genes  involved  in  cell  cycle  control  and  DNA  damage 

repair.12'17  Interestingly,  BRCA1  also  interacts  with  CsTF50  in  a  complex  that  regulates 

1 8 

mRNA  processing  pointing  to  a  pleiotropic  role  in  transcription. 

Despite  the  absence  of  BRCA1  homologs  in  its  genome,  yeast  has  been  an 
important  model  system  to  study  BRCA1  as  well  as  the  function  of  several  mammalian 
transcription  factors.19  Yeast  has  been  utilized  to  perform  structure-function  analysis  of 
BRCA1  in  transcription  as  well  as  to  probe  its  mechanisms  of  activation  based  on  the 
correlation  with  the  clinical  data.5,7,20'22  In  addition,  overexpression  of  human  BRCA1  in 
yeast  generates  a  small  colony  phenotype  that  has  been  proposed  as  a  method  to  classify 
uncharacterized  mutations  in  BRCA1. 23,24  Thus,  despite  its  limitations,  yeast  is  a  defined 
system  to  analyze  BRCA1  function  and  is  adequate  for  the  rapid  screening  of  large 
mutant  libraries. 

A  major  hurdle  to  define  the  function(s)  of  BRCA1  is  the  lack  of  molecular  tools. 
Temperature-sensitive  (TS)  mutants  would  be  particularly  useful  for  this  analysis. 
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Recently,  we  have  identified  a  BRCA1  allele  in  a  family  with  familial  ovarian  cancer  that 
displays  a  temperature-sensitive  phenotype  in  mammalian  cells  (Worley  et  al. 
unpublished  results  and  ref.  21).  Therefore,  we  hypothesized  that  a  differential  screen  in 
yeast  based  on  random  mutagenesis  would  allow  us  to  isolate  additional  TS  mutants.  We 
followed  the  same  procedure  we  had  previously  used  to  generate  loss-of-function  mutants 
in  transcription  activation  and  performed  parallel  screens  at  jO°C  and  s>l  C.  v/e  utilized 
this  yeast-based  system  to  identify  and  characterize  11  TS  mutations  and  15  loss-of- 
function  (LF)  mutants  of  BRCA1.  One  of  the  TS  mutations  identified  in  the  yeast  screen 
was  found  to  exhibit  a  similar  phenotype  in  human  cells.  These  mutants  will  allow  the 
study  of  BRCA1  function  in  yeast  and  provide  a  basis  for  the  development  of  novel 
conditional  mutants  for  mammalian  cells. 
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METHODS 

Yeast.  Saccharomyces  cerevisiae  strain  EGY48  [MAT a,  ura3,  trpl,  his3,  6  lexA 
operator -LEU2]  was  co-transformed  with  the  LexA  fusion  vectors  and  reporter  plasmid 
pSH18-34,  which  has  lacZ  under  the  control  of  8  LexA  operators.25,26  The  LexA  DBD 
fusion  of  wild  type  human  BRCA1  C-terminus  (aa  1560-1863)  and  two  germ-line 
mutants  of  BRCA1,  Y1853X  and  M1775R  were  used  as  controls.  Competent  yeast  cells 
were  obtained  using  the  yeast  transformation  system  (Clontech). 

Error-prone  PCR  mutagenesis  and  screening.  A  30-cycle  PCR  reaction  (94°C 
denaturation;  55°C  annealing;  72°C  extension)  was  performed  using  Taq  polymerase, 
p385-BRCAl  plasmid  as  a  template  and  oligonucleotide  primers  (S9503101,  5’- 
CGGAATTCGAGGGAACCCCTTACCTG-3  ’ ;  S9503098,  5 ’ -GCGGATCCGTAGTGG 
CTGTGGGGGAT-3’).  PCR  products  were  gel  purified  and  co-transformed  in  an 
equimolar  ratio  with  an  AcoZ-linearized  wild-type  pLex9  BRCA1  (aa  1560-1863)  plasmid 
and  pSH18-34.  Transformants  carrying  the  mutagenized  cDNAs  were  plated  at  37°C  or 
30°C  on  plates  lacking  tryptophan  and  uracil  and  containing  80  mg/L  X-Gal  (5-bromo-4- 
chloro-3-indolyl-b-D-galactopyranoside),  2%  Galactose,  1%  Raffinose,  IX  BU  salts  (1L 
of  10X  BU  salts:  70g  Na2HP04.7H20,  30g  NaH2P04).  The  X-gal  plates  allowed  direct 
visualization  and  were  scored  after  6  days.  Clones  were  recovered  from  yeast  and 
sequenced. 

Mammalian  cell  reagents.  A  region  comprising  the  BRCA1  coding  region  containing 
the  TS  mutation  in  pLex9  vector  was  excised  with  EcoRl  and  BarriH.1  and  subcloned  in 
pGBT9  in  frame  with  GAL4  DBD.  The  fusion  GAL4  DBD:  BRCA1  was  then  cut  with 
Hindlll  and  BamHl  and  ligated  into  pCDNA3.  We  used  the  reporter  pG5ElbLuc,  which 
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contains  a  firefly  luciferase  gene  under  the  control  of  five  GAL4  binding  sites  and 
transfections  were  normalized  using  a  dual  luciferase  system  (Promega).  For  the 
mammalian  two-hybrid  system  the  pCDNA3  GAL4  DBD:  BRCA1  (aa  1560-1863)  and 
the  constructs  carrying  different  TS  mutations  were  used  as  bait  to  test  interaction  against 
CtIP.  The  construct  containing  CtIP  (aa  45-897)  fused  to  the  herpesvirus  VP16 
transactivation  domain  (aa  411-456)  was  used  as  target  and  the  VP16  vector  was  used  as 
negative  control  (gift  from  Richard  Baer,  Columbia  University).28  Human  293T  cells 
were  cultured  in  DMEM  supplemented  with  5%  calf  serum  and  plated  in  24-well  plates  at 
-60%  confluence  the  day  before  transfection.  Transfections  were  carried  out  in 
quadruplicates  using  Fugene  6  (Roche,  Indianapolis,  IN)  at  37°C  for  12  hr.  Cells  were 
then  incubated  at  30°C  or  37°C  and  harvested  16  hr  later. 
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RESULTS 

Screen  for  TS  mutants  of  BRCA1  in  transcription  activation.  We  screened  ~  3  x  106 
independent  clones  and  recovered  1,302  putative  LF  mutants  at  37°C  (Figure  1A).  These 
colonies  were  then  plated  on  fresh  plates  and  incubated  at  37°C  and  30°C  for 
confirmation  (Figure  IB).  All  plates  contained  yeast  expressing  wild-type  cDNA  to 
control  for  the  different  activity  of  p-galactosidase  at  both  temperatures.  Several  clones 
turned  out  to  display  either  a  loss-of-function  (white  clones)  or  wild-type  (blue  clones) 
phenotype  at  both  temperatures.  Plasmids  were  recovered,  retransformed  into  yeast  and 
their  activity  confirmed.  Clones  that  failed  to  display  a  reproducible  activity  were 
discarded.  Plasmids  representing  38  clones  (3  were  not  recovered)  were  analyzed  by 
restriction  digest  and  although  no  clone  had  detectable  deletions/insertions  by  gel 
analysis,  sequencing  revealed  that  12  had  nucleotide  deletions  or  nonsense  mutations  and 
were  not  analyzed  further.  The  remaining  clones  were  processed  for  sequencing  and  the 
mutation  identified.  Eleven  clones  displayed  markedly  reduced  activity  at  37°C  and  wild- 
type  activity  at  30°C  (TS  clones;  Table  1)  and  15  had  reduced  activity  at  both 
temperatures  (LF  clones,  Table  2). 

TS  mutants  in  yeast.  Our  screen  resulted  in  the  isolation  of  1 1  TS  mutants  (8  unique)  in 
transcription  activation  in  yeast  (Table  1).  Seven  clones  displayed  only  one  missense 
mutation  and  four  clones  displayed  two  missense  mutations  (Table  1).  It  is  unclear 
whether  the  two  mutations  are  required  for  the  TS  phenotype  or  not.  At  least  in  one  case, 
TS32  (S1722F/K1667E),  we  know  this  is  not  the  case  because  a  similar  mutation  was 
found  independently  in  another  clone,  TS25.  Mutations  causing  TS  activity  were  found  in 
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exons  16-20  and  24.  Interestingly,  conserved  hydrophobic  residues  were  found  to  be  a 
major  target  of  mutations  followed  by  mutations  in  serine  residues  (Table  1  and  Fig.  2). 
With  three  exceptions,  S 163  IN,  L1639S  and  E1836G,  all  mutations  occurred  either  in  the 
N-terminal  BRCT  region  or  in  the  interval  between  the  N-  and  C-terminal  BRCTs  (Table 
1  and  Fig.  2). 


Loss-of-function  (LF)  mutants.  Due  to  the  experimental  design,  several  clones  proved 
not  to  be  TS  mutants  but  instead  LF  mutants  at  both  temperatures  tested  (Table  2).  These 
mutations  also  targeted  hydrophobic  residues  in  the  BRCT  domains.  Interestingly,  we 

29 

recovered  a  recurring  cancer-associated  mutation  of  BRCA1,  M1775R  (LF35;  Table  2). 
Also,  Q1811R  and  A1843P,  found  together  in  LF2,  are  unclassified  variants  listed  in  the 
Breast  Cancer  Information  Core  database  (http://www.nhgri.nih.gov/Intramural_research 
/Lab_transfer/Bic/).  Two  mutations,  F1704S  and  L1657P,  were  found  in  4  and  2 
independent  clones,  respectively.  Mutations  causing  LF  phenotype  were  found  in  all 
exons  examined  with  the  exception  of  exon  19. 

TS  mutants  in  human  cells.  All  unique  TS  clones  had  their  activity  measured  in  human 
cells  using  a  fusion  to  GAL4  DBD  and  a  luciferase  reporter  driven  by  a  GAL4-responsive 
promoter.  Negative  controls  used  were  two  cancer-associated  mutants,  M1775R  and 
Y1853X.29’30  In  four  independent  experiments,  one  of  the  mutants  (TS50)  reproducibly 
displayed  significant  activity  at  the  permissive  temperature.  Whereas  at  30°C  it  exhibited 
approximately  30%  of  wild-type  activity,  at  37°C  it  did  not  activate  transcription  of  the 
reporter  (Fig.  3).  Western  blot  analysis  revealed  that  all  mutant  constructs  were  being 
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expressed,  albeit  at  lower  levels  than  the  WT  protein  (not  shown). 

Mammalian  two-hybrid  system.  Recent  reports  have  demonstrated  that  CtIP,  a  protein 
involved  in  transcriptional  repression  and  a  substrate  of  ATM,  interacts  with  the  BRCT 
domains  of  BRCA1.28,31'34  We  next  examined  whether  the  TS  mutants  could  interact  with 
CtIP  in  a  temperature-dependent  manner  in  a  mammalian  two-hybrid  assay.  We  reasoned 
that  this  assay  would  provide  a  complementary  approach  to  assess  the  temperature- 
sensitive  phenotype  of  the  mutants.  Our  results  confirm  previous  reports  that  CtIP 
interacts  with  the  carboxy-terminal  region  of  BRCA1  and  show  that  this  interaction  also 
occurs  at  30°C  31(Fig.  4).28  Interestingly,  TS26  and  TS50  were  found  to  interact  with  CtIP 
only  at  30°C.  The  fold  induction  relative  to  the  activity  of  the  TS  mutants  transfected  with 
the  VP16  transactivation  domain  alone  (7  fold  and  10  fold,  respectively)  was  less  than 
fold  induction  obtained  with  the  WT  and  CtIP:VP16,  suggesting  that  the  interaction  at 
30°C  is  only  partially  restored.  Although  we  observed  that  TS26  interacts  with  CtIP,  it 
failed  to  activate  transcription  at  either  temperature  (Fig.  3). 
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DISCUSSION 

The  function  of  BRCA1  has  remained  elusive  despite  extensive  effort  to 
characterize  its  biochemical  activities.  It  has  been  implicated  in  DNA  repair,  transcription 
activation  and  repression,  transcription-coupled  repair,  mRNA  processing,  cell  cycle 
checkpoint  regulation  and  ubiquitination.3,4'18,35'36  We  reasoned  that  the  isolation  of 
conditional  mutants  would  be  an  important  addition  in  the  experimental  armamentarium 
to  study  BRCA1.  Here  we  developed  a  screening  strategy  to  isolate  mutants  of  the 
BRCA1  C-terminus  that  display  a  TS  phenotype. 

Our  screen  isolated  11  unique  loss-of-function  (LF)  mutants  (Table  2),  extending 
our  analysis  of  mutants  that  affect  transcription  activation  by  BRCA1  and  allowing  us  to 
have  a  more  detailed  picture  of  the  structure-function  features  of  the  C-terminal  region  of 
BRCA1. 20,21  The  LF  mutants  recovered  were  localized  primarily  in  conserved 
hydrophobic  residues  at  the  BRCT-N  and  the  BRCT-C  domains. 

We  have  also  isolated  8  unique  TS  mutants  using  the  yeast  screening  (Table  1, 
Figure  2).  One  mutation,  F1734L,  was  found  in  4  independent  clones  in  our  TS  set  and 
two  mutations,  F1704S  and  L1657P,  were  found  in  4  and  2  independent  clones, 
respectively,  in  the  loss-of-function  set.  These  findings  suggest  that  the  screen  might  have 
reached  saturation  and  therefore  the  mutants  recovered  identify  important  regions  for  the 
regulation  of  BRCA1.  To  understand  the  functional  consequences  of  these  mutations  we 
mapped  the  mutations  onto  the  crystal  structure  of  the  BRCT  domain  region  of  BRCA1 
(Figure  2A).37  Two  mutations  (S 163  IN  and  L1639S)  mapped  to  regions  outside  the 
BRCT  domain  and  were  excluded  from  our  analysis.  Significantly,  all  other  mutations 
leading  to  temperature  sensitivity,  with  one  exception  (E1836G)  mapped  to  secondary 
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structures  in  the  BRCT-N  and  to  the  interval  region  (Figure  2B)  and  cluster  preferentially 
at  the  hydrophobic  core  of  the  domain  (Figure  2A).  The  reason  for  this  clustering  is  not 
known  but  it  is  possible  that  mutations  the  BRCT-C  have  more  dramatic  consequences 
for  the  general  folding  and  therefore  are  not  stable  even  at  lower  temperatures. 
Alternatively,  the  BRCT-N  may  provide  an  important  binding  site  to  the  RNA 
polymerase  II  holoenzyme,  an  idea  that  is  corroborated  by  in  vitro  binding  studies  of 
BRCA1  and  RNA  helicase  A.9  Therefore,  for  mutations  in  the  BRCT-C  to  affect 
transcription  their  effect  has  to  be  more  dramatic  allowing  us  to  isolate  only  loss  of 
function  mutations. 

Interestingly,  mutations  in  residues  located  at  hydrophobic  cores  in  the  catalytic 
domain  of  tyrosine  kinases  as  well  as  in  SH3  domains  have  been  demonstrated  to  confer 
temperature-sensitivity.38  In  three  clones  (TS1,  TS4  and  TS36)  two  mutations  were  found 
and  only  one  of  them  may  be  important  for  temperature  sensitivity.  Alternatively,  as 
found  in  TS  mutants  of  v-Src,  two  mutations  may  be  required.39’40 

One  of  the  TS  mutants  isolated  in  yeast,  H1686Q,  displayed  a  temperature- 
dependent  activation  of  transcription  when  tested  in  human  cells  (Fig.  3).  This 
observation  indicates  that  residue  HI 686  is  located  at  a  critical  position  for  the  stability  of 
the  BRCT  domains  (Fig.2).  In  addition  to  the  ability  of  TS50  to  activate  transcription 
only  at  the  permissive  temperature  in  mammalian  cells,  we  found  that  its  interaction  with 
CtIP  also  occurred  in  a  temperature-dependent  manner  (Fig.  4).  Intriguingly,  mutant 
TS26  interacts  with  CtIP  at  the  permissive  temperature  but  is  unable  to  activate 
transcription  at  either  30°C  or  37°C.  Based  on  these  observations  we  propose  that  TS50 
can  be  used  to  clarify  the  physiological  relevance  of  the  BRCAl/CtIP  interaction. 
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The  inability  of  most  of  these  clones  to  behave  as  TS  mutants  in  mammalian  cells 
may  be  due  to  inherent  differences  in  the  range  of  temperatures  and  metabolism  of  yeast 
versus  the  mammalian  system.  Alternatively,  this  may  reflect  the  fact  that  the  reporter 
used  in  the  screen  is  not  stringent.  We  tend  to  favor  the  latter  explanation  because  there 
are  documented  examples  of  TS  mutants  isolated  in  yeast  screens  at  25  C  and  33  C, 
permissive  and  restrictive  temperature  respectively,  that  turned  out  to  display  TS  activity 
in  mammalian  cells  at  34°C  and  40.5°C.38  This  is  a  striking  example  in  which  the 
permissive  temperature  in  mammalian  cells  was  even  higher  than  the  restrictive 
temperature  in  yeast  suggesting  that  the  mutants  adapt  to  the  range  of  temperatures  used 
in  a  particular  host.  The  use  of  a  low-stringency  reporter  is  important  at  the  restrictive 
temperature  to  guarantee  the  selection  of  mutants  with  the  lowest  possible  activity. 
However,  when  screened  at  the  permissive  temperatures  it  will  allow  the  selection  of 
clones  that  may  have  low  activity.  We  are  currently  exploring  these  different  possibilities. 

Although  only  one  of  the  mutant  clones  displayed  a  mammalian  TS  phenotype  in 
transcription,  the  other  clones  isolated  here  are  candidates  to  become  molecular 
biological  tools  in  yeast  to  dissect  the  function  of  BRCA1  in  transcription  and  to  guide 
further  efforts  to  isolate  more  relevant  TS  mutants  in  mammalian  cells.  If  we  apply  a 
conservative  interpretation  of  the  transcriptional  assay,  i.e.  that  it  is  a  measure  of  the 
integrity  of  the  BRCT  domain,  then  it  is  possible  that  the  data  collected  here  may  serve  as 
a  basis  to  rationally  design  conditional  mutants  to  other  proteins  that  present  BRCT 
domains  in  their  structure.  It  is  important  to  stress  that  the  TS  mutants  recovered  are 
inactive  at  37°C  and  are  likely  to  represent  cancer-associated  variants  if  found  as  germ¬ 
line  mutations. 
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Table  1.  Temperature-sensitive  mutants  of  BRCA1  (aa  1560-1863)  in  transcription. 


Clone  Exon  Mutation  Nucleotide  Allowed 


residues 


Secondary  structure 
and  comments 


Activity 
30°C  37°C 


TS1 

17 

F1668S 

T5122C 

F 

BRCT-N  a-helix  1 

+++ 

24 

E1836G 

A5626G 

DE 

BRCT-C  a-helix  3 

TS4 

16 

L1605L 

T4932C 

silent 

unknown 

+++ 

17 

V1687A 

T5179C 

V 

BRCT-N  P-sheet  3 

* 

19 

K1727E 

A5298G 

KRQ 

BRCT-N/BRCT -C  interval 

TS6 

16 

L1639S 

T5035C 

LV 

unknown 

+++ 

- 

TS19 

20 

F1734L 

T5319C 

F 

BRCT-N/BRCT-C  interval 

20 

E1735E 

A5324G 

silent 

BRCT-N/BRCT-C  interval 

+++ 

TS25 

16 

S1610S 

T4949C 

silent 

unknown 

+++ 

19 

S1722F 

C5284T 

s 

BRCT-N  a-helix  3 

TS26 

20 

F1734L 

T5319C 

F 

BRCT-N/BRCT-C  interval 

+++ 

- 

TS30 

20 

F1734L 

T5319C 

F 

BRCT-N/BRCT-C  interval 

+++ 

- 

TS32 

17 

K1667E 

A5118G 

KR 

BRCT-N  a-helix  1 

+++ 

19 

S1722F 

C5284T 

S 

BRCT-N  a-helix  3 

TS33 

20 

F1734L 

T5319C 

F 

BRCT-N/BRCT-C  interval 

+++ 

- 

TS36 

16 

S1631N 

G5011A 

SI 

unknown 

18 

V1713A 

T5257C 

VI 

BRCT-N  P-sheet  4;  uncharacterized 
variant  found  as  a  germline  mutation' 

+++ 

TS50 

17 

H1686Q 

T5177A 

H 

BRCT-N  p-sheet  3 

+ 

- 

“Nucleotide  numbering  corresponds  to  human  BRCA1  cDNA  deposited  in  GenBank  accession  #U14680.  ‘Residues  tiiat  are  found 
in  the  same  position  in  an  alignment  of  human  (U14680),  chimpanzee  (AF207822),  dog  (U50709).  rat  (AF036760)  mouse 
(U68174)  chicken  (AF355273)  and  frog  (AF416868)  homologs.  “According  to  the  BRCA1  BRCT  crystal  structure  .  Activity 
was  scored  in  plates  after  6  days.  (+++)  activity  comparable  to  wild-type  BRCAl.e  As  described  in  the  Breast  Cancer  Information 

Core  (BIC)  database. 
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Table  2.  Loss-of-function  mutants  of  BRCA1  (aa  1560-1863)  in  transcription. 


Clone 

Exon 

Mutation 

Nucleotide 

Allowed 

Secondary  structure*" 

Activity11 

change3 

residues1* 

and  comments* 

30°C 

37°C 

LF2 

23 

Q1811R 

A5551G 

Q 

BRCT-C  (33-a2  loop;  uncharacterized 
variant  found  as  a  germline  mutation' 

. 

H 

23 

P1812S 

C5553T 

p 

BRCT-C  |33-a2  loop 

24 

A1843P 

G5646C 

AS 

BRCT-C  a-helix  3;  uncharacterized 
variant  found  as  a  germline  mutation' 

LF3 

17 

L1671L 

A5132G 

silent 

18 

E1694G 

A5201G 

E 

BRCT-N  p3-a2  loop 

“ 

m 

24 

V1842A 

T5644C 

VIL 

BRCT-C  a-helix  3 

LF5 

16 

L1657P 

T5089C 

L 

BRCT-N  pl-al  loop; 

- 

• 

LF8 

18 

F1704S 

T5230C 

F 

BRCT-N  a-helix  2 

- 

■ 

LF15 

24 

A1843T 

G5646A 

AS 

BRCT-C  a-helix  3 

- 

17 

T1691T 

A5192G 

silent 

unknown 

LF20 

17 

F1668S 

T5122C 

F 

BRCT-N  a-helix  3 

24 

R1835R 

A5624G 

silent 

* 

24 

P1856T 

C5685A 

PQS 

unknown 

LF22 

18 

F1704S 

T5230C 

F 

BRCT-N  a-helix  2 

- 

LF23 

18 

F1704S 

T5230C 

F 

BRCT-N  a-helix  2 

- 

LF24 

20 

G1743R 

G5346A 

G 

BRCT-N/BRCT-C  interval 

16 

L1636L 

T5034C 

silent 

LF27 

16 

L1657P 

T5089C 

L 

BRCT-N  pl-al  loop 

" 

17 

L1664L 

C5111T 

silent 

LF28 

16 

S1577P 

T4848C 

S 

unknown 

16 

S1655P 

T5082C 

S 

BRCT-N  pi-al  loop;  residue  mutated 
in  the  germline  (S1655F) ' 

LF35 

21 

M1775R 

T5443A 

M 

BRCT-C  pi-al  loop;  cancer- 
associated  mutation  found  in  the 
germline' 

- 

22 

Q1779Q 

A5456G 

silent 

LF34 

23 

I1807S 

T5539G 

IVL 

BRCT-C  P-sheet  3 

23 

H1822H 

T5585C 

silent 

LF38 

16 

E1660G 

G5098A 

EKSC 

BRCT-N  a-helix  1 

- 

LF47 

16 

R1649R 

A5066G 

silent 

18 

F1704S 

T5230C 

F 

BRCT-N  a-helix  2 

“ 

“ 

Nucleotide  numbering  corresponds  to  numan  ci>un^  ucpuMicu  m  w  - - 

in  the  same  position  in  an  alignment  of  human  (U14680),  chimpanzee  (AF207822),  dog  (U50709),  rat  (AF036760)  mouse 
(U68174),  chicken  (AF355273)  and  frog  (AF416868)  homologs.  “"According  to  the  BRCA1  BRCT  crystal  structure  .  Activity 
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Figure  1.  Screening  for  temperature-sensitive  mutants  of  BRCA1  in  transcription. 

A.  Primary  screening  at  37°C.  Transformants  carrying  BRCA1  with  wild-type  activity 
appear  as  blue  colonies  (blue  arrow)  and  transformants  carrying  loss-of-function  mutants 
at  37°C  appear  as  white  colonies  (white  arrow).  White  colonies  were  replated  in  parallel 
and  incubated  at  30°C  and  37°C.  B.  Plates  containing  replicas  of  each  white  clone 
isolated  from  primary  plates.  A  transformant  carrying  a  wild-type  BRCA1  is  included  at 
the  top  of  each  plate  (white  arrow).  Clones  that  were  consistently  white  at  37°C  and  blue 
at  30°C  were  isolated  as  temperature-sensitive  mutants  (blue  arrow).  Clones  that  were 
white  at  both  temperatures  were  isolated  as  loss-of-function  mutants. 

Figure  2.  TS  mutations  localize  primarily  to  the  BRCT-N  domain.  A.  The  location  of 
the  eight  unique  TS  mutations  is  shown  in  the  BRCT-N  and  BRCT-C  domains  of  human 
BRCA1  according  to  the  crystal  structure  of  human  BRCA1  BRCT  region.37  Red  spheres 
represent  the  only  coding  change  in  a  single  clone  and  blue  spheres  represent  changes 
that  are  in  clones  with  multiple  mutations.  Note  that  with  exception  of  S 163  IN,  L1639S 
(which  precede  the  BRCT  domains  and  are  not  shown)  and  E1836G  (TS1),  all  other  TS 
mutations  map  to  the  BRCT-N  domain.  B.  Secondary  structure  elements  according  to 
crystal  structure  of  BRCA1  BRCT  region37  are  depicted  above  the  sequence.  Interval 
region,  separating  BRCT-N  and  BRCT-C  is  represented  by  a  dotted  line  with  a  a-helix 
(aL;  purple).  Residue  positions  mutated  in  TS  clones  are  shown  for  clones  containing 
one  (red  triangle)  or  two  changes  (blue  triangle).  Changes  are  indicated  below  the 
sequence. 
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Figure  3.  Transcriptional  activity  of  TS  mutants  in  mammalian  cells.  Upper  panel 
shows  a  schematic  representation  of  the  GAL4-DBD:BRCA1  (aa  1560-1863)  fusion 
protein  and  of  the  luciferase  reporter  gene  driven  by  five  GAL4  binding  sites.  Lower 
panel  depicts  the  activation  of  luciferase  expression  by  wild  type  and  mutant  BRCA1 
constructs  in  293T  cells  at  37°  C  (solid  bars)  or  30°  C  (open  bars).  Data  were  normalized 
to  the  percentage  of  wild-type  activity  at  each  temperature.  MR,  BRCA1  (aa  1560-1863) 
carrying  the  cancer-associated  M1775R  mutation  used  as  negative  control. 

Figure  4.  Mammalian  two-hybrid  system  reveals  a  temperature-dependent 
interaction  between  BRCA1  TS  mutants  and  CtIP.  The  upper  panel  shows  a 
schematic  representation  of  the  GAL4-DBD:BRCA1  (aa  1560-1863)  fusion  protein  used 
as  bait,  the  CtiOP:VP16  fusion  protein  used  as  target  and  the  luciferase  reporter  gene 
driven  by  five  GAL4  binding  sites.  The  lower  panel  depicts  the  activation  of  the  reporter 
gene  at  37°  C  or  30°  C  by  wild  type  and  mutant  BRCA1  constructs  in  293T  cells  co¬ 
transfected  with  empty  VP16  vector  (that  codes  for  the  VP16  transactivation  domain 
alone)  or  vector  containing  CtIP  (that  codes  for  the  CtIP:VP16  fusion  protein).  The  data 
were  normalized  to  show  the  fold  induction  of  transcriptional  activity  for  each  TS  mutant 
relative  to  its  activity  when  transfected  with  VP16  vector  alone. 
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